Abstract: Cadmium and zinc appear in the combined forms and they are co-pollutants. Cd is the most hazardous metal ion for human beings and causes renal dysfunction, liver and lungs damage, bone degeneration and blood damage. Though Zn is an essential nutrient, excess of Zn is toxic. Biological process was more important because conventional methods fail to remediate these pollutants due to high costs and less affordability. The screening and understanding of the functioning of microorganism plays an important role in removal and recovery of metals from heavy-metal-polluted water and soil. In our study, the strain Pseudomonas aeruginosa BC15 was isolated from oil-mill-treated waste water and it showed to be highly resistant to 6 mM Cd and 20 mM Zn in the solid and liquid media. The growth studies of BC15 strain in the medium without induction exhibited high tolerable capacity when compared to other microbes. Pretreatment of P. aeruginosa BC15 with sub-lethal concentrations of Cd induced adaptive resistance to lethal doses of Cd. Cadmium-induced cells also showed cross resistance to lethal concentration of zinc. The organism had high resistance against Cd and Zn. This has been clearly proven through biosorption studies: Cd was absorbed up to 62% and Zn about 60% in single solution, whereas in binary solution Cd was biosorbed up to 82% and Zn 85%. In conclusion, this study reveals the significance of using the strain P. aeruginosa BC15 in the bioremediation of Cd and Zn from industrial waste water and contaminated soil.
Introduction
The contamination of the environment by heavy metals is a major global concern because of their toxicity and a threat to human life and environment (Hernandez et al. 1998; Cerebasi & Yetis 2001) . Heavy metals contaminate the soil and the environment from various anthropogenic sources such as industrial wastes, automobile emissions, mining activity and agricultural practices. Cadmium and zinc are used in phosphate fertilizers, pesticides, agricultural run offs, galvanizing plating, electroplating industry.
High concentration of Cd is highly corrosionresistant, and is widely used to plate metal parts used in general industrial hardware as well as in automobiles, electronics, marine and aerospace industries (OSHA 1992) . Cd contamination is also widespread particularly in soils containing waste materials from Zn mines, in sludge amended soils and in soils fertilized with Cdrich phosphate fertilizers (Raskin & Ensley 2000) . Cd is highly toxic to human health and is probably carcinogenic at low concentrations (Volesky 1990 ). Cd and Zn enter the body of humans and animals through the food chain. Cd in food products is a major nonoccupational source of cadmium exposure. In plants Cd gets accumulated in the edible portion of leaves, stem, even in the fruiting body such as food grains; paddy is one such grain which biomagnifies cadmium (Niebohr et al. 1988) . It causes in plants various effects such as inhibition of photosynthesis, respiration, nitrogen metabolism as well as decrease of water and mineral uptake (Tynecka et al. 1981) . The adverse effects displayed by Cd on growth and reproduction of plant and animal cells suggest that Cd interferes with cell division (Wang et al. 1997; Sobkowiak & Deckert 2004) . Zn is an essential trace element required for the normal growth and viability of organisms (Vido 2001) .
Most heavy metals are highly toxic to ecosystems even at very low concentration. However, trace amounts of metals such as zinc, cobalt, and nickel are essential nutrients that are required at nanomolar concentrations but become toxic at micro or millimolar concentrations (Nies 1992) . Conventional methods such as precipitation, flocculation, ion exchange and membrane filtration for removal of these metals from water at low concentrations are claimed to be expensive and inefficient. Different microbes have been proposed to be efficient and economical alternative in removal of heavy metals 462 C. Edward Raja et al. from water (Waisberg et al. 2003) . Biological methods such as biosorption/bioaccumulation for the removal of heavy metal ions may provide an attractive alternative to physico-chemical methods (Kapoor & Viraraghavan 1995) . Secondly, bacterial degradation usually results in complete mineralization of the pollutant (Caplan 1993; Dua et al. 2002) . Microbes may play a significant role in the biogeochemical cycling of toxic heavy metals and in cleaning up of toxic heavy metals or remediate metals from contaminated environments. Two well-studied genetic mechanisms of metal resistance in bacteria include heavy metal efflux systems (Nies & Silver 1995) and the presence of metal-binding proteins (Olafson et al. 1988) . Exposure of bacteria to heavy metals has been shown to lead to altered expression of genes involved in metal transport as well as other stress responses such as heat shock and oxidative stress (Blom et al. 1992) . In general, exposure of bacteria to low levels of one stress can induce a subsequent increase in resistance to the same (adaptive) or unrelated (cross-protection) stress (Mongkolsuk et al. 1997) .
The genetic determinants for Cd and Zn resistance have been well studied in the gram positive bacterium Staphylococcus aureus, where Cd resistance is encoded by the cadCA operon (Endo & Silver 1995) , and in gram negative bacteria Ralstonia eutropha CH34 (Brim et al. 1999) , where Cd, Zn and Co resistance is encoded by the czc gene cluster (Nies 1992; Mongkolsuk et al. 1997 ). Cd and Zn resistance was also reported in fluorescent Pseudomonas (Horitsu et al. 1986 ) and Pseudomonas aeruginosa (Wang et al. 1997) .
The objective of the present investigation was to study the high resistance of the strain P. aeruginosa BC15 to Cd and Zn, identify the induced adaptive and cross resistances of BC15, and biosorption analysis.
Material and methods

Bacterial strain
The bacterial strain BC15 used in this study was previously isolated in our laboratory from the oil-mill-treated waste water and this strain had been identified as P. aeruginosa (Edward Raja et al. 2006 ). The bacterial strain was preserved at −20
• C in glycerol stock and sub-cultured in Luria-Bertani (LB) medium for further experiments.
Determination of minimal inhibitory concentration (MIC)
MIC of BC15 was carried out in different growth media: (i) LB medium containing (g/L): peptone 10, yeast extract 5, NaCl 10, agar 15 (Sambrook et al. 1989 ); (ii) tryptone yeast extract (TY) medium containing (g/L): tryptone 5, yeast extract 5, NaCl 5, sodium gluconate 2, agar 15 (Unaldi et al. 2003) ; and (iii) minimal medium containing (g/L): Na2HPO4 30, KH2PO4 15, NH4Cl 5, NaCl 25 (Sambrook et al. 1989) . These media were sterilized by autoclaving at 121
• C, 15 psi for 15 min. The different working concentration of CdCl2 and ZnCl2 were prepared from 1 M stock solutions. The initial concentration of Cd and Zn were started from 1 mM Cd, 3 mM Zn and 1mM equal concentration of Cd and Zn. The culture growing on the last concentration was transferred to the higher concentration by streaking on the plates. MIC was noted when the isolates failed to grow on the plates even after five days of incubation.
Growth studies
Growth study of BC15 was performed with 1 mM Cd, 3 mM Zn and mixture of Cd 1 mM and Zn 1.5 mM (separately) in 250 ml Erlenmeyer conical flasks containing 50 mL of TY broth incubated at 37
• C for 30 h in a shaker. At selected intervals the samples were withdrawn and absorbance was measured at 600 nm by using spectrophotometer (Hitachi, Japan).
Induction studies
Bacterial strain BC15 was cultured overnight in TY broth and the culture was transferred to 5 mL TY broth with and without metal. The BC15 was induced with sub-lethal concentration of Cd at 25 µM and grown for 4 h. The 0.5 mL of induced and non-induced cells was transferred to lethal concentration of 1 mM Cd and 3 mM Zn in 250 mL conical flask containing 50 mL of TY medium. Absorbance of each culture was measured at 600 nm spectrophotometrically. The cross-resistance of BC15 in Zn was induced with sub-lethal concentration of Zn at 100 µM that was transferred to lethal concentration of 3 mM Zn and 1 mM Cd.
Biosorption studies BC15 culture was grown in 50 mL TY medium supplemented with heavy metals at the concentration of Cd 1 mM and Zn 3 mM that was incubated at 37
• C for 48 h. At selected interval samples of culture (5 mL) were centrifuged at 10 min at 6,000×g. Supernatants were taken into separate crucibles and dried overnight at 80
• C. After acid digestion (nitric acid: perchloric acid, 5:3) metal concentration in supernatants were determined using an atomic absorption spectrophotometer (Varian Model SpectrAA-220).
Biosorbed metal values (in %) were calculated by taking differences between the metal content of cultures at time of zero (at the time of inoculation) and time of sampling.
Results
Determination of MIC P. aeruginosa BC15 highly resistant to Cd and Zn was determined in different solid media such as LB, TY and minimal agar. The strain BC15 showed resistance against 7 mM Cd in LB and TY agar plates. The fluorescent pigment was observed at 2 mM Cd while on higher concentration of Cd no pigment was noticed. In minimal medium the organism grew up to 5 mM concentration of Cd and no pigment production was observed. The MIC was determined with Zn for BC15 in different media. In LB and TY agar plates the organism BC15 was resistant to Zn up to 20 mM and in minimal agar plate up to 12 mM. Furthermore BC15 grew at a concentration of 6 mM in the mixture of Cd and Zn supplemented minimal agar plates (Table 1 ). The strain BC15 was grown in TY medium supplemented with 2-7 mM of Cd and 3-14 mM of Zn (separately inoculated) and the growth was determined spectrophotometrically. The strain showed maximum tolerance of Cd 6 mM and 12 mM Zn (Fig.1) .
Growth studies A growth study of BC15 was carried out in TY medium. The concentration of Cd and Zn was 1 mM and 3 mM, respectively. The mixture of Cd and Zn at equivalent concentration was separately inoculated with overnight culture of BC15 and incubated for 30 h. The strain BC15 exhibited a higher resistance to Zn than Cd. Zn showed the high peak values when compared to both Cd alone and Cd and Zn in combination. In general the growth rate of the strain BC15 in the presence of heavy metal was consistently slower than the control (Fig. 2) .
Sub-lethal and induction studies
Initially, BC15 culture was subjected to different µM concentration of Cd and Zn. The sub-lethal concentration of BC15 was selected at the concentrations of 25 µM Cd and 100 µM Zn used for further studies. The sub-lethal cells of 25 µM Cd was transferred to lethal concentrations of 1 mM Cd and 3 mM Zn. The sublethal cells of Cd showed induced resistance to Cd and cross-resistance to Zn (Fig. 3) . 100 µM of Zn induced BC15 sub-lethal cells to show induced resistant to lethal concentrations of Zn and cross-resistance to Cd (Fig. 4) .
Biosorption analysis
The strain BC15 was grown at the concentration of 1 mM Cd, 3 mM Zn and equal proportion of Cd (1 mM and Zn (1.5 mM) mixture incubated at 37
• C for 48 h. The maximum percentage of Cd biosorbed individually was 62% and Zn of 60%, whereas in the mixed proportion the Cd was absorbed at 82% and Zn at 85%. The absorption potential of BC15 was determined by atomic absorption spectrophotometer analysis. The percentage biosorption of Cd, Zn and in combination of Cd and Zn was shown by BC15 (Fig. 5) .
Discussion
The present investigation was undertaken to analyze the adaptive and cross-resistance to cadmium (II) and zinc (II) by Pseudomonas aeruginosa BC15. The heavy metal resistant character of this organism was determined in different solid media, growth in the liquid media, their inducible nature, and their level of resistance to lethal concentration which are above the permissible range of Cd and Zn in the environment. In this study the strain BC15 showed high resistance to Zn and Cd in solid and liquid media and the ability of biosorption to Cd and Zn. The screening of resistant microorganism to Cd had been achieved by several authors (Bagot et al. 2005) . BC15 showed resistance to Cd 7 mM and Zn 20 mM and also the strain exhibited good resistance to Cd and Zn in binary forms. In comparison, heavy-metalresistant bacteria isolated from sewage water in the city of Morocco in which the strain exhibited MIC for Cd only up to 2 mM (Filali et al. 2000) . P. aeruginosa CMG103 isolated from a metal-polluted river showed the highest resistance up to 8 mM Zn and 2 mM Cd (Hassan et al. 1999) .
In the present study the strain P. aeruginosa BC15 resists to Zn up to 20 mM and to 7 mM Cd. Growth rate of the strain BC15 in the presence of Cd and Zn was consistently lower than that of the control. However, the test of toxicity in solid media could be useful in the evaluation of metal toxicity in sewage sludges and contaminated soil, where conditions of diffusion, complexation, and availability of metals are different from those observed in liquid media (Hassen et al. 2001; Khan et al. 1998) . The growth studies of BC15 indicated that Cd-and Zn-resistance was inducible. In comparison metal-induced and non-induced cells of P. aeruginosa CMG103 suggest that Zn was able to induce Cdresistance and Cd was able to induce the Zn-resistance. This finding indicated that Cd and Zn have linked resistance (Hassan et al. 1999) . The plant pathogen Xanthomonas campestris isolated from soil was resistance to Cd and Zn. Pretreatment of Cd induced the resistance of the cells of X. campestris to lethal doses of Cd and it also showed cross-resistance to lethal concentration of Zn. Unexpectedly, Zn-induced cells did not show any adaptive resistance to lethal concentration of Zn and Cd (Banjerdkij et al. 2003) .
The present results showed P. aeruginosa BC15 resistance to Cd and Zn in which Cd-induced cells resist to lethal concentration of 1 mM Cd and 3 mM Zn, whereas the Zn-induced cells resist Zn and Cd at lethal concentration. The pre-exposure of Zn to sublethal concentration of Zn also resists lethal concentration and showed adaptive and cross-resistance. It had been reported that Zn resistance in Pseudomonas sp. was inducible (Rohit & Sheela 1994) . Zn is also inducible as the results were compared earlier with the other studies and it was shown that Zn is also a potent inducer as that of Cd but has high adaptive resistance and a good cross-protection. The inducibility of Zn after exposure to sub-lethal concentration was able to resist the heavy metals such as Cd, Co and Zn with some of the mutant strain (Perron 2004 ). The present study of Zn induction in BC15 indicated that the inducibility of Zn is slightly slower than the Cd induction. Biosorption capacity of BC15 was carried out in TY medium supplemented with 1mM Cd, 3 mM Zn and mixture of Cd and Zn at equal concentrations shaking at 37 • C for 48 h. At selected intervals samples were withdrawn and analyzed for biosorption. From the results of biosorption studies Cd was absorbed to highest percentage of 62% and Zn to about 60% in the individual concentration and in mixture of two metals the Zn was observed up to 85% and Cd to a level of 82%. Biosorption of Cd, Cu, Pb and Zn by inactive biomass of P. putida showed that 80% of these metals could be effectively removed from diluted aqueous solution (Pardo et al. 2003) . Biosorption experiments for Cr (VI), Cu (II), Cd (II) and Ni (II) were studied using non-living biomass of different Pseudomonas sp. Concerning the Cd (II) and Ni (II) similar removal ratios were obtained, since it was ranged between 35 to 88% and their maximum removal was obtained in the case of individual Cd (II) and Ni (II) (Hussien et al. 2004 ). Chen et al. (2006) reported that the biosorption capacities of Pseudomonas sp. CZ1 isolated from the rhizosphere of Elshotzia splenders in China were about 87.2% for Cu and 99.8% for Zn with biosorption capacities of 24.2 and 26 mg/L, respectively. The present study suggests that the strain BC15 can be used for bioremediation of co-pollutants Cd and Zn from industrial waste waters and contaminated soils. Molecular genetic analysis of Cd-resistance gene determinants in P. aeruginosa BC15 is under progress.
